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INTRODUCTION
To understand how environmental factors affect seed germination responses it is essential to comprehend processes as establishment, succession and natural regeneration of vegetation (Bazzaz 1979, Vázquez-Yanes and Orozco-Segovia 1993) . In natural habitats, seed germination and seedling establishment are affected by environmental factors such as light intensity, temperature, water availability, and soil salinity (Baskin and Baskin 1988 ). Thus, it is possible to assert that the range of environmental conditions may be pointed out as one of the factors affecting seed germination and, consequently, the distribution of many plant species (Labouriau 1983 , Baskin and Baskin 1998 , Donohue et al. 2010 ). In addition, seed germination may also be affected by environmental conditions to which mother plants were exposed during seed development (Delesalle and Blum 1994) .
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LAURA C. LEAL, MARCOS V. MEIADO, ARIADNA V. LOPES and INARA R. LEAL Studies on seed traits and germination behavior have been useful in the investigation of environmental factors affecting geographic distribution of native species (Abreu and Garcia 2005 , Donohue et al. 2010 , Silveira et al. 2011 . Furthermore, such investigations are important tools for understanding colonization abilities and geographical distribution of exotic plants introduced in new habitats (Smith and Knapp 2001) . When species with high dispersal capacity are removed from their native habitat and introduced into an exotic one, they may find favorable microclimatic and ecological conditions (e.g. predators and competitors absence) to the establishment of viable populations without human assistance (Richardson et al. 2000) . Species that have this ability may become a serious threat to native species, and identifying factors that affect or favors the establishment of exotic species is important to guide strategies for prevention and control of invasive alien plant species worldwide (Smith and Knapp 2001) .
Thus, the aim of this study was to evaluate if seed traits and germination responses to environmental factors of an invasive species vary depending on the invaded ecosystem. For that we studied populations of Calotropis procera (Ait.) R. Br. (Apocynaceae), an invasive plant of two Brazilian northeastern ecosystems -Caatinga and Restinga. Our discussion contributes to the characterization of invasive species traits, focusing on how environmental factors of the invaded ecosystem can influence the establishment of invasive alien plant species.
MATERIALS AND METHODS
STUDY AREA AND SPECIES
The study was carried out with seeds of Calotropis procera collected in two Brazilian northeastern ecosystems -Caatinga and Restinga. The Caatinga is a mosaic of seasonally tropical dry forest (sensu Mooney et al. 1995 , Pennington et al. 2000 and scrub vegetation that covers an area of 730,000 km 2 (Sampaio 1995). Seeds were collected in a population located at Serra Talhada (7°59'S, 38°19'W), Pernambuco State, northeast Brazil. Annual rainfall in the region is ~ 803 mm, the average temperature is 26°C and there is a pronounced dry season, that occurs between June and December (Machado et al. 1997) . The predominant soils are Cambisoils and Litosoils with marked salinity due to salt accumulation resulting from fast water evaporation and poor soil drainage. Vegetation is dominated by shrubs of 3 to 4 m tall (Machado et al. 1997) . The herbaceous stratum has low density and is composed mainly by annual species that are present only during the rainy season (Machado et al. 1997) .
In Restinga, seeds of C. procera were collected from a population located a few meters away from the sea, in Caucaia (03°44'S, 38°39'W), Ceará State, northeast Brazil. The average temperature in the region varies between 25 and 27°C, with maximum amplitude of 5°C (Holanda et al. 2003) . The annual rainfall is ~ 1,255 mm, with the dry season occurring between July and December (Holanda et al. 2003) . The soil is formed by nonconsolidated sand and clay sedimentary particles, with the formation of mobile dunes characterized by the absence of plants or the fixation of vegetation in some places which attenuates the wind dynamics (Holanda et al. 2003) .
Calotropis procera is popularly known in Brazil as "algodão-de-seda", "algodão brabo", "algodão-de-praia" or "leiteiro" because of the long white fibers attached to its seeds as an adaptation to wind dispersal. Calotropis procera has a wide geographical distribution, mainly in semiarid areas (Melo et al. 2001 ). The species is native from Africa, India, Persia, and Afghanistan. It has been naturalized in Australia, Mexico, Central America, South America, Caribbean and Pacific Islands (Rahman and Wilcock 1991) . Calotropis procera has some attributes commonly found in invasive plants such as continuous flowering and SEED GERMINATION OF Calotropis procera autogamy in invaded areas, high seed production efficiently dispersed by wind, and fast growth after establishment (G.M. Tabatinga, unpublished data, Sobrinho et al. 2013) . However, environmental factors that affect seed germination, establishment and distribution of this species have not been studied in detail.
In Brazil, C. procera was probably introduced as an ornamental in the early 20 th century (Kissmann and Groth 1992) . Later, it became invasive of pasture areas, due to the high dissemination of its seeds by the wind (Corrêa 1939) . Currently, the species can be easily found in areas of Caatinga and Restinga and is considered a threat to the native vegetation (Souza and Lorenzi 2005) . It is a common species in pasture areas, road margins and cultivated areas, forming dense populations that are difficult to eradicate (Melo et al. 2001 ).
SEED-SET, MORPhOMETRY
ANd GERMINATION During May (wet season at Caatinga study site) and June (wet season at Restinga study site) of 2007, we collected 30 fruits per ecosystem, one fruit per individual (randomly selected in both populations/ ecosystems). All the fruits were completely developed but still closed, thus we could verify the seed-set. We measured the length and width of seeds (mm), dry biomass (mg), and the seed moisture content (%). All the morphometric parameters followed the Brazilian Norms for Seeds Analysis (Brasil 2009 ). We used 30 samples of 10 seeds each (one sample per individual) to check the dry biomass, seed moisture content, length and width of the seeds.
We assessed the effect of light intensity, salinity and water stress on seed germination of both populations. Values of light intensity, water and salinity stress used in these experiments were calculated in order to simulate the range of abiotic conditions to which Calotropis procera can be submitted in both ecosystems. We used five Petri dishes with 50 seeds each per treatment watered with the test solutions. In each dish, we used seeds from one individual of each population randomly selected. The different levels of light intensity (0, 30, 50, 70 and 100%, which represented the full light treatment with a light intensity of 20 µmol.m -2 .s -1
) were simulated with the use of black polypropylene shade cloth. We used a commercial solution of sodium chloride (Braccini et al. 1996) and polyethylene glycol 6000 (Villela et al. 1991) to simulate the salinity and water stress, respectively. In both experiments, we evaluated the effect of osmotic potentials 0.0, -0.2, -0.4, -0.6, -0.8 and -1.0 MPa on seed germination. The dishes were placed in ideal conditions for the C. procera seed germination, according to Labouriau and Valadares (1976) (i.e., constant temperature of 30°C, under light or continuous darkness, simulated with the use of black plastic bags). The radicle protrusion was the criterion for germination seeds. The evaluations were made daily for a period of 35 days.
DATA ANALYSIS
We compared seed-set and morphometric parameters between the two populations with t tests. For each seed germination treatment, we calculated: 1) germinability (%); 2) mean germination time [t = Σni.ti/Σni, where ti is the time from the start of the experiment to the i th observation (day), and ni is the number of seeds germinated in the time i (not the accumulated number, but the number correspondent to the i th observation)]; and 3) the synchronization index of germination [E = -Σfi.log 2 . fi, where fi is the relative frequency of germination (i.e., the proportion of germinated seeds in an interval)] according to Ranal and Santana (2006) . The germinability data were arcsine square-root transformed in order to adjust count data to the normal distribution and apply parametric tests. For the evaluation of light intensity effects we used a Two Way ANOvA (ecosystem and light intensity).
To verify the influence of the water stress between the populations and to check for the existence of a photoblastic change in the seeds submitted to the treatments, we compared the germination of all treatments using a Three Way ANOvA (ecosystem, photoblastism and water availability). The same analysis was conducted with germination data of seeds submitted to saline stress. We verified the normality of the residuals and homogeneity of the variances through Shapiro-Wilk and Levene tests, respectively. All statistical analyses are described in zar (1999) and were assessed with STATISTICA 7.0 with a significance level equal to 0.05.
RESULTS
The number of seeds per fruit of Calotropis procera ranged from 213 to 391 in Caatinga and 162 to 403 in Restinga, which resulted in a seed production in Caatinga 11.85% higher than in Restinga (t = 3.01, df = 58, P = 0.004, Table I ). For the morphometric parameters, we found no significant differences in seed length (t = -0.49, df = 58, P = 0.630), seed width (t = -0.57, df = 58, P = 0.571), or dry biomass (t = 0.75, df = 58, P = 0.480, Table I ) between ecosystems. For seed moisture, however, we found a water content about 60% lower in the Caatinga (t = -5.60, df = 58, P < 0.001, Table I ) compared to the Restinga population. Seeds of C. procera showed a positive response to a wide range of environmental factors. The germinability was not influenced by the variation in light intensity (F = 0.40, df = 4, P = 0.770), with seeds of both populations having a final germination superior to 95% (Table II) . Similarly, the synchronization index of seed germination was not influenced by the different levels of light intensity (F = 1.10, df = 4, P = 0.380, Table II ). On the other hand, the mean germination time was affected by the ecosystem (F = 27.42, df = 4, P < 0.001) and light intensity (F = 8.61, df = 4; P < 0.001). Seeds from Restinga germinated more rapidly when exposed to lower light intensities (Table II) . The salinity stress negatively influenced the germinability of C. procera (F = 107.29, df = 5, P < 0.001), completely inhibiting it in both population when seeds were submitted to a concentration equal or higher than -0.8 MPa (Fig. 1A) . With increase in salinity concentration, we found changes in the photoblastic response of both populations, with a higher germinability in the darkness (F = 50.12, df = 1, P < 0.001). We did not observe statistical significant differences in the germinability between the populations subjected to different salinity concentrations (F = 0.21, df = 1, P = 0.956). However, the synchronization index of seed germination under the influence of salinity stress was higher in the absence of light (F = 8.83, df = 1, P < 0.001). Moreover, there was no significant difference in the mean germination time between ecosystems (F = 0.23, df = 1, P = 0.630, Table III ). As observed with the saline stress, the populations exhibited changes in the photoblastism when subjected to water stress (F = 238.69, df = 4, P < 0.001). The reduction in the availability of water also negatively affected the synchronization index (F = 5.80, df = 4, P < 0.001) and germinability (F = 10.28, df = 4, P < 0.001, Fig. 1B) , with seeds from Caatinga germinating at concentration of -0.8 MPa, while the germination was inhibited at concentrations of less than -0.4 MPa in seeds from Restinga. With reduction of water availability, we also found a significantly increase in mean germination time (F = 7.48, df = 4, P < 0.001, Table Iv) .
DISCUSSION
Plant phenotype variation might be affected not only by the genotype, but also by the environment where plants live as well as by the conditions to which the parental plants are growing (Delesalle and Blum 1994, Roach and Wullf 1987) . Thus, we LAURA C. LEAL, MARCOS V. MEIADO, ARIADNA V. LOPES and INARA R. LEAL Fig. 1 -Germinability (%) of Calotropis procera (Ait.) R. Br. (Apocynaceae) seeds from Caatinga (C) and Restinga (R), northeastern Brazil, subjected to saline (A) and water stress (B) in light and darkness at 30°C after 35 days. Bars indicate ± SE. SEED GERMINATION OF Calotropis procera expected that individuals from different populations would differ in morphological or physiological adaptations, which allow them to establish in several habitats. Seed-set is one of the main phases of plants life cycle. This phase can be affected by environmental pressures suffered by parental plants in the site where they are established (Roach and Wullf 1987) . We observed significant differences in seed-set between populations, which indicated that C. procera can produce different number of seeds depending on the invaded environment. Although seed-set may varies between years, the dry season preceding fruit collection was typical in both ecosystems. This fact leads us to believe that the differences between populations are not result of atypical climatic variations during the production of the fruits used in these experiments.
Seeds of Calotropis procera from both populations/ecosystems are aphotoblastic (sensu Ferreira et al. 2001 ) and had the same germination behavior in the presence or absence of light, with a mean germination time less than 5 days. The mean germination time represents an important parameter in seed germination studies, especially for alien plant species, as it is a useful parameter for the evaluation of niche occupation speed and efficiency (Abreu and Garcia 2005) . Reduction in light intensity caused a reduction in the mean germination time, with the higher average found in seeds in a constant darkness. Thus, the germinability and the efficiency of space occupation of this species are positively favored by the absence of light. Moreover, under the influence of water and salinity stress the seeds showed a type of photoblastism, behaving as "relative negative photoblastic" (sensu Ferreira et al. 2001) , indicating, once more, that the success of establishment is higher when seeds are in darkness.
Many alien plants show an increase in their germination rates when exposed to high light conditions, which favors their performance in disturbed areas (Harradine 1991). Seeds of -No seed germination.
TABLE IV
Germination of Calotropis procera (Ait.) R. Br. (Apocynaceae) seeds from two ecosystems of northeastern Brazil (Caatinga and Restinga) and subjected to water stress in light and darkness at 30°C after 35 days.
Greek, capital and small letters indicate significant differences between photoblastism, ecosystem type and water stress treatments, respectively. Data are expressed as mean ± SE. Cortaderia jubata (Lemoine) Stapf (Poaceae), an invasive species of coastal California, for example, have 3.3 times higher germinability in high light than in dark (Drewitz and DiTomaso 2004 (Domènech and Vilà 2008) . The ecosystems where the two studied populations were located are marked by a high soil salinity, either by fluvial-marine influence, such as in the Restinga (Sugiyama 1998), or by the high water evaporation and deficient drainage of soil, resulting in the accumulation of salt in the Caatinga soils (Fassbender and Bornemisza 1987, Mello et al. 1983 ). Thus, due to the high occurrence of individuals in those environments, we expected a similar seed germination response to salinity for both populations, which was confirmed in our results. In fact, plant species of arid ecosystems usually exhibit high tolerance to salinity (Gutterman 1993 , Kigel 1995 . On the other hand, water availability differs between ecosystems, with Restinga areas showing higher pluviometric rates and air relative humidity than Caatinga. However, part of the water in this environment might not be available for the plants due to the high concentration of salt in water (Miller and Donahue 1990) . Thus, in Restinga, plants have several strategies to promote water absorption, most of them involving energetic expenses (Miller and Donahue 1990) . Based on these statements, we expected that seeds from Restinga had higher seed moisture content, as these seeds lose less water during the seed development. In fact, this pattern was observed in our studies. Seeds collected in the Restinga had higher levels of water content than those collected in Caatinga. According to Castro et al. (2004) , higher levels of moisture make seeds more sensitive to water stress during the germination period, and this was observed in our results.
Light regimes
In conclusion, although we found some differences in seed attributes and germination response of Calotropis procera between Caatinga and Restinga, both populations showed high germination success. They showed a reduction in the synchronization index of germination and an increase in the mean germination time. Further, seeds from both ecosystems showed positive responses to a wide range of environmental factors. Thus, these factors do not act as barriers to the invasive capacity of C. procera, ensuring its colonization success and wide distribution in both ecosystems. Based on its seed-set, seed size, dispersal mode and germination behavior, C. procera seems to be an effective invasive species in Caatinga and Restinga areas, and its potential to invade other ecosystems in the world should be considered.
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